solubilization vessel) resulted in average solubilization rate of 44% and reduction rate of sludge of 47% during 64 days operation. Return of alkaline solubilized broth into the aeration vessel did not affect the treatment. In 40 L bench scale experiments, solubilization rate of 59% and sludge reduction rate of 94% were obtained when the amount of sludge solubilization was increased up to 2-3 times of excess sludge produced under the standard activated sludge treatment without the solubilization process.
Introduction
Reduction of waste materials in the petroleum industry has become extremely important 1) , because petroleum refineries produce 556,000 tons/year of waste materials, consisting of 51% sludge, 16% catcher dust, 10% waste oils, 7% waste acids, 7% waste catalysts, 4% waste alkalis, and 2% and 3% waste materials from building and other activities, respectively. Most of the sludge is excess activated sludge generated by wastewater treatment. Excess activated sludge accounts for about 20% of general waste materials in Japan. Therefore, reduction of excess sludge is an important issue.
Excess activated sludge is mainly treated by incineration, which involves high energy usage and high costs. In addition, the shortage of final disposal sites has recently increased the treatment costs. Development of compact and low cost technology to reduce the amounts of excess sludge is extremely desirable 2) . Ozone treatment 3) , thermotolerant microorganism treatment 4) , bead mill treatment 5) , ultrasonic treatment 6) , and high speed rotation disk treatment 7) have already been proposed as methods for sludge solubilization, with various advantages such as high reduction rates of excess sludge, low cost, compact equipment size, low energy consumption, and ease of maintenance.
We previously developed a new technology to solubilize and reduce excess sludge using the combination of alkaline treatment and high speed mixing 8)～11) . For example, the solubilization rates of excess sludge were 40% and 50% within 30 to 60 min, respectively, using 0.05 mol/L alkaline solutions including alkaline wastes from a petroleum refinery and high speed mixer solubilization. High speed mixer solubilization was 1.3 to 1.4 times higher than that of alkaline solubilization only 9) . Activated sludge was solubilized with the combination of alkaline treatment and high speed mixer in a petroleum refinery plant, resulting in activated sludge solubilization rates of 40-50% for 64 days 10) . Our new technology provides a compact method to achieve relatively high solubilization and reduction rate of excess s l u d g e c o m p a r e d w i t h o t h e r t r e a t m e n t s 3)～7) . Furthermore, by selecting the amount of excess sludge to be solubilized, more than 90% reduction was established in bench scale experiments 11) . This review describes the development of a new com- To develop a compact and low cost excess sludge reduction system, alkaline treatments were carried out using sludge from a petroleum refinery. Alkaline treatment with a concentration of 0.025-0.05 mol/L solubilized about 30% of the sludge after 1 h. Alkaline wastes from petroleum refinery such as sodium sulfide, sodium hydrosulfide, and diisopropanol amine could be used to solubilize about 10-30% of the sludge. Combination of alkaline solubilization (0.05 mol/L NaOH) and high speed mixing achieved about 50% solubilization rate after 1 h at 25 . Application of this system in a petroleum refinery (600 m 3 aeration vessel and 450 m 3 sedimentation vessel, 3 m pact technology to solubilize activated sludge with the combination of alkaline treatment and high speed mixer. In addition, some advantageous characteristics such as stable solubilization and high solubilization rate, and reduction rate of excess sludge provided by our technology are evaluated.
Solubilization of Activated Sludge by Wastes from Petroleum Refinery or Alkaline Solution

8)
1. Experiments 1. 1. Activated Sludge and Wastes
Activated sludge used for the experiments was prepared using activated sludge from a petroleum refinery acclimated with synthetic wastewater for more than one month to prevent fluctuations in the composition of the activated sludge. Conditions of cultivation of activated sludge by synthetic wastewater were described previously 8) . The composition of the synthetic wastewater is shown in Table 1 . Wastes including alkaline or acid solutions were obtained from our petroleum refinery. However, except for refinery spent caustic, commercial chemicals (first grade) were used for experiments with concentrations of 0.025-0.05 mol/L.
1. Solubilizing Experiments
Solubilizing of activated sludge was carried out in a 500 mL beaker (300 mL sludge) with gentle 100 rpm agitation by magnetic stirrer for 180 min. Mixed liquor suspended solids (MLSS) was adjusted to 5000 mg/L. Experimental temperatures were 25, 40 and 60 . Solubilization rate was obtained as follows:
where TS is solid of activated sludge added (g/L), and DS is dissolved solid after solubilization (g/L). Solid was measured as dry solid after washing with deionized water followed by drying at 110 for 2 h 8) . MLSS was determined by JIS K 0102 12) .
Solubilization of Activated Sludge by Alkaline
Solutions and Wastes Effects of solubilization by sodium hydroxide, diisopropanol amine, sulfuric acid, sodium sulfide, sodium hydrosulfide, and refinery spent caustic are shown in Fig. 1 . The control experiment carried out without addition of chemicals and wastes obtained no solubilization of sludge. Solubilization of 34% was observed after 30 min of agitation treatment (pH 12.7) with sodium hydroxide. Alkaline wastes such as sodium sulfide, sodium hydrosulfide, and refinery spent caustic showed similar solubilization activities to sodium hydroxide. Sulfuric acid and diisopropanol amine showed lower solubilization activity. Monoethanol amine and diethanol amine showed 20-30% solubilization after 1 h 8) . Clearly use of alkaline wastes from a petroleum refinery for solubilization of activated sludge is extremely advantageous. However, such wastes are rather difficult to obtain in general factories compared with sodium hydroxide. Therefore, alkaline solubilization with sodium hydroxide was evaluated in our experiments.
3. Alkaline Solubilization
Tsujimoto 13) and Aravinthan et al. 14) have reported 20-30% solubilization of sludge by alkaline solubilization. The effects of alkaline concentration (NaOH) on solubilization were examined. 0.025 mol/L NaOH solution (pH 11.7) showed similar solubilization to that of Sodium hydrosulfide, : Refinery spent caustic.
Fig. 1 E ff e c t s o f C h e m i c a l s a n d Wa s t e M a t e r i a l s o n t h e Solubilization of Activated Sludge from a Petroleum Refinery
Aravinthan et al. (Fig. 2 ) 14) . Therefore, a concentration of 0.025-0.05 mol/L of NaOH (pH 12.7) is the optimum for solubilization. Furthermore, the effects of temperature on solubilization were also examined, showing that higher temperature promoted solubilization of activated sludge (Fig. 3) .
4. Characteristics of Activated Sludge from
Petroleum Refinery The alkaline solubilization rate of sludge from the petroleum refinery was higher than that of sewage sludge from municipal wastewater treatment 8) . To investigate this observation, the elemental compositions were examined. The C/N ratio of sludge from the refinery was about 8/1 compared to 4/1 in sewage sludge from municipal wastewater ( Table 2) , probably due to the low nitrogen concentration in the wastewater from the refinery.
In addition, microbiological investigation using genetic analysis showed that the total number and types of bacteria in activated sludge from the refinery were larger than those from municipal sewage sludge 8) . Many protozoa, yeast and fungi were observed in the municipal sewage sludge compared with the activated sludge from the petroleum refinery. These microorganisms have relatively strong cell walls compared with those of common bacteria. These cell walls were relatively resistant to disruption by alkaline solution. Therefore, the low nutrient concentrations of wastewater from the refinery caused the high proportion of bacteria (high C/ N ratio) and resulted in easy solubilization by alkaline solution 8) .
Solubilization of Activated Sludge Using Combination of Alkaline Treatment and High Speed Mixing
9)
Bead mill treatment 5) and high speed rotation disk treatment 7) have already been proposed for the physical solubilization of activated sludge. On the other hand, a high speed mixer is a conventional and low maintenance equipment for solubilization of sludge under various conditions. If high speed mixing treatment is combined with alkaline treatment, higher solubilization of activated sludge can be expected. Therefore, further solubilization experiments of sludge with a combination of alkaline treatment and high speed mixing were carried out. 
1. Experiments
Solubilization experiments were carried out in a 1.0 L beaker (800 mL sludge) with MLSS of 5000-12,000 mg/L. Alkaline concentrations (NaOH) were 0.01-0.05 mol/L. Agitation used a magnetic stirrer at 100 rpm. A high speed mixer (T.K. HOMO MIXER Mark2, PRIMIX Corp., Osaka) was used.
2. Solubilization of Activated Sludge Using High
Speed Mixer Slow agitation (100 rpm) gave only about 34% solubilization rate with 0.05 mol/L NaOH at 25 after 60 min (Figs. 4b, d) , and was almost the same result as in Fig. 2 . However, use of the high speed mixer resulted in solubilization rates of 40% and 50% after 30 min and 60 min, respectively, were observed with 0.05 mol/L NaOH at 25 (Figs. 4a, c) . Solubilization rates were greater at 40 .
The high speed mixer greatly promoted solubilization. The time course of floc size of the activated sludge was measured during solubilization (60 min) as shown in Fig. 5 . Floc size with the high speed mixer (12,000 rpm) was very small compared with that of slow agitation only (100 rpm). Cell destruction in the activated sludge proceeded more vigorously with high speed mixing.
Imai et al. 7) reported about 45% solubilization rate (MLSS 9540 mg/L) after 45 min with the high speed rotation disk. Mitekura et al. 6) reported about 25% solubilization rate with ultrasonic treatment (MLSS 10,000 mg/L). Solubilization was higher with the combination of alkaline solution and the high speed mixer. In addition, the high speed mixer is generally low cost and low maintenance, which are advantageous for practical use.
Solubilization and Reduction of Activated
Sludge in the Petroleum Refinery Using High Speed Mixer and Alkaline Treatment 10) Practical treatment of activated sludge with the combination of the high speed mixer and alkaline treatment was carried out in a petroleum refinery. 
2. Operation of Practical Plant for Solubilization and Reduction of Sludge
The results of the extended run of this new system for 64 days are shown in Figs. 7 and 8. Alkaline concentration was increased from 0.025 to 0.035 mol/L to maintain the solubilization rate of sludge at about 45% as shown in Fig. 7 , although the solubilization fluctuated after 30 days of operation. The pH of the solubilized broth was increased with higher alkaline concentration (Fig. 7A) . These alkaline concentration and solubilization changes were caused by the increase of COD in the inlet wastewater (78 to 225 mg/L) depending on the changes in the factory products or operation processes. However, the COD of effluent water was 12-27 mg/L and average COD reduction was about 87% in this treatment plant as shown in Fig. 7C . These results indicate that the continuous return of alkaline solubilized broth into the activated sludge vessel at 0.7 m 3 /h did not greatly affect the activated sludge activity during the 64 days of operation and also showed the stability of this extended operation and system.
The MLSS of return sludge and the activated sludge vessel are shown in Fig. 8A . The MLSS of return sludge was stable in contrast with the COD change of inlet wastewater, suggesting that the chemical functions of the activated sludge also remained stable for 64 days, although the alkaline solubilized broth was returned continuously. The dry weight of excess sludge produced during the 64 days of operation is shown in Fig. 8B . In the early stage of solubilization, excess sludge was produced of 130 to 144 kg-dry weight/day, but the excess sludge was reduced to about 70-90 kgdry weight/day after solubilization started. This solubilization process was actually effective to reduce excess sludge. Average sludge solubilization rate and average excess sludge reduction rate during the 64 days were 43% and 47%, respectively. The excess sludge reduction of 47% was practically very significant considering the treatment cost of excess sludge.
Conventional biological anaerobic digestion of activated sludge can reduce excess sludge at rates of 13-19% 15) . With alkaline treatment, these values increase to 27-38%. Our results are advantageous, because our system is quite compact compared with the anaerobic digestion system.
Greater than 90% Reduction of Activated
Sludge with Combination of High Speed Mixing and Alkaline Solubilization 11) Average sludge reduction of 47% over 64 days was obtained in our petroleum refinery with the combination of high speed mixing and alkaline solubilization. If the amount of solubilized sludge increases, reduction of excess sludge may increase. Therefore, the rela- tionship between solubilization and reduction was investigated using this new system of alkaline solubilization with a high speed mixer in a bench scale activated sludge treatment plant (40 L).
1. Experimental
Reduction of excess sludge during wastewater treatment of conventional activated sludge used a 40-L acrylic aeration vessel and a 30-L acrylic sedimentation vessel with a 3-L acrylic solubilization vessel for alkaline (NaOH) treatment and a high speed mixer (T.K. PIPELINE HOMO MIXER Model SL, PRIMIX Corp., Osaka). This system was the same as the large scale system shown in Figs. 6A and 6B, but without the solubilization vessel. Three identical apparatuses were prepared for the experiments. In the control experiment, treatment without solubilization was carried out using the standard conventional activated sludge method. Activated sludge was obtained from a petroleum activated sludge treatment plant and acclimatized with synthetic wastewater (described 2. 1. 1.) for one month using one apparatus.
Synthetic wastewater (COD 75 mg/L) was used throughout to prevent fluctuation of the composition of the wastewater from the refinery as experienced in Fig. 7C . The hydraulic retention time (HRT) was 6.6 h, return ratio of sludge was 1.0 (145 L/day), and temperature was 30 . MLSS was maintained between 2000 to 3000 mg/L by withdrawal of excess sludge from the aeration vessel. COD loading was kept between 0.10 to 0.12 kg-COD/kg-MLSS/day by diluting the synthetic wastewater controlling the COD in the inlet wastewater.
In the sludge solubilization experiment, one part of the excess sludge was solubilized with batch treatment for 30-60 min depending on the solubilization rate of the sludge (W), and solubilized broth was returned into the aeration tank at 80-240 mL/h. Alkaline concentration was 0.025 mol/L NaOH and pH of the solubilized broth was 11-12. The high speed mixer was operated with rotation speed and circulation volume of 15 m/s (7800 rpm) and 87 L/min, respectively.
Total nitrogen (T-N), total phosphorus (T-P), MLSS and mixed liquor volatile suspended solids (MLVSS) were measured according to JIS K 0102 12) .
2. Relationship between Amount of Sludge
Solubilization and Reduction of Sludge Steady state results for 7 days of operation of the bench scale solubilization experiment of activated sludge treatment are summarized in Table 3 . A control experiment was performed without solubilization and the amount of excess sludge produced was 5.0 g/ day. Based on the amount of excess sludge produced without solubilization (control experiment), Runs 1-3, 4-6, and 7-9 were designed to control the amount of sludge solubilization (E) to about 5.0, 10, and 15 g/day, respectively. In addition, the solubilization rates of sludge (W) were also controlled by solubilization time to about 35% (Runs 1, 4 and 7), 45% (Runs 2, 5 and 8) and 55% (Runs 3, 6 and 9) 11) . Runs 1-3 were operated with E of one time volume solubilization (5 g/day), and W values obtained were 34%, 42%, and 54% according to the setting solubilization rates of 35%, 45%, and 55%, respectively. Reduction rates of excess sludge (RES) were 41%, 51%, and 58% in Runs 1, 2 and 3, respectively. Runs 4-6 used E of two times volume (10 g/L), and W values were 28%, 47%, and 55%, respectively. RES values were 64%, 85%, and 87%, in Runs 4, 5 and 6, respectively. Runs 7-9 used E of 3 times volume (15 g/L), and W values were 34%, 43%, and 59% in Runs 7, 8 and 9, respectively. RES values were 92%, 94%, and 91% in Runs 7, 8 and 9, respectively. The relationship between the amount of sludge to be solubilized (ASS) and amount of reduced excess sludge (ARS) is plotted in Fig. 9 . ASS was calculated from the amount of sludge solubilization (E) and the solubilization rate of sludge (W) as ASS E W/100. For sludge solubilization (E) of lower than two times volume (10 g/day) in Runs 1-6, ASS and ARS were closely correlated with coefficient of r 0.971. For E of higher than 3 times volume in Runs 7-9, ARS values were almost constant (4.6-4.7 g/day). The relationship between ASS and ARS could be expressed as ARS 1.02 ASS in Runs 1-6.
RES increased with greater higher sludge solubilization (E) and solubilization rate of sludge (W). In Runs 7, 8 and 9, RES values were more than 90% and did not increase further. The maximum RES was 94% in Run 8. These results indicated that solubilization of 3 times volume of 5 g/day is the optimum to achieve the maximum RES. More than 3 times volume will not improve the reduction rate of excess sludge as can be expected in Table 3 , because RES reached almost 90-94%. More than 90% of sludge reduction was finally achieved, which demonstrate the high sludge reduction potential of this new system. This information is very significant to reduce the cost of excess sludge treatment in many plants.
COD removal rates were more than 94% in the bench scale experiments (Fig. 10A) . Removal rates of T-N (Fig. 10B ) and T-P (Fig. 11A) were 34-52% and 63-85%, respectively. Relatively stable purification was possible as alkaline solubilized broth was returned into the aeration vessel of activated sludge in this system. MLVSS/MLSS values decreased with increase of ASS (Fig. 11B) , indicating that ash components of activated sludge gradually accumulated into MLSS, because organic matter was converted into CO2 with oxidation of the activated sludge, but ash and mineral components remained in the alkaline solubilized broth and were returned and circulated in the system. If treatment is continued with constant MLSS in the aeration tank, reduction of organic matter in the sludge leads to increased COD loading. Therefore, practical operation of high sludge solubilization and reduction, such as 3 times volume, requires increased MLSS in the aeration tank to reduce COD and T-N.
Conclusions
A new system of activated sludge solubilization and reduction with a combination of alkaline solubilization and high speed mixing was investigated.
(1) Alkaline wastes such as sodium hydroxide, sodium sulfide, sodium hydrosulfide could be applied for solubilization of activated sludge. 
